Objective: To reconstruct the auricle using a porous, hollow, three-dimensional (3D)-printed mold and autologous diced cartilage mixed with platelet-rich plasma (PRP).
INTRODUCTION
External ear reconstruction for congenital microtia remains a surgical challenge and a controversial issue. A successful auricle reconstruction must include the complex three-dimensional (3D) contour of the external ear, its biomechanical features, and considerable flexibility. The current methods of reconstruction typically use autologous costal cartilage grafts, prosthetic reconstruction, or polymer implants, such as Medpor (Porex Surgical Inc., Newnan, US). [1] [2] [3] [4] However, it is very difficult to meet the functional requirements, shape fidelity, and flexibility through any one approach. For example, carved costal cartilage retains a certain level of compliance but lacks the required flexibility, and it has somewhat unpredictable cosmetic results because it is difficult for plastic surgeons to sculpt a scaffold that completely and anatomically matches the normal ear. The use of costal cartilage autografts has the added risk of hemopneumothorax and an incomplete chest wall postoperatively.
To create an elastic ear cartilage bearing the necessary complex biomechanical properties and morphological characteristics, a plastic surgeon needs to have good sculpting skills and 3D awareness. [5] [6] [7] [8] Medpor (Stryker) is a synthetic porous implant, and its use eliminated the additional morbidity associated with harvesting autologous rib cartilage. However, the Medpor constructs are inflexible, and this runs the long-term risk of extrusion through the skin. 9 In recent years, the emergence of tissue engineering has provided a new avenue for the repair of tissue defects. Cartilage tissue engineering offers the potential to create a more anatomically accurate auricle for external ear reconstruction. 8, 10 However, one of the main obstacles with ear tissue engineering is that ear cartilage in vivo is unable to keep its original size and shape. 8, 11 In addition, there are insufficient seed cells to proliferate and completely replace the scaffold, 12 and biomechanical strength of the cultivated auricle cannot withstand the normal levels of contraction of the skin in vivo. 13, 14 Diced cartilage grafts are increasingly used in rhinoplasty and achieve good aesthetic results. 15 However, a diced cartilage graft is unable to provide strong support or maintain a specific shape. For this reason, few studies have tested the use of diced cartilage grafts in ear reconstruction. An inherent advantage of diced cartilage is that it is very easy to mold to any shape. In our preliminary studies, we found that fused diced cartilage has good mechanical strength and flexibility. In addition, we found that mixing the cartilage with a platelet-rich plasma (PRP) improved the viability of the diced cartilage when wrapped in a poly(lactic-co-glycolic acid) (PLGA) membrane. 16, 17 However, whether diced cartilage can be used to reconstruct an earshaped hollow framework for ear reconstruction is unknown.
Three-dimensional printing technology has been widely used in the biomedical field for tissue engineering and regenerative medicine. 18 Compared with traditional processes of scaffold fabrication, such as gas foaming, solvent casting, freeze drying, and electrostatic spinning, 3D printing has obvious advantages, with the ability to control the production of a 3D porous and complex internal structure for the adhesion and proliferation of cells. More importantly, its shape can be anatomically matched to the structure of defective tissues. 19 The purpose of this study was to explore the potential applications of an image-based computer-aided design (CAD) and 3D-printed porous hollow auricle mold filled with diced cartilage and PRP for auricular reconstruction. Referring to the principles of tissue engineering, the diced cartilage would provide the seed cells; PRP would provide the necessary growth factors; and the porous hollow scaffold would provide an appropriate scaffold for cell attachment and growth.
MATERIALS AND METHODS
Ten New Zealand white rabbits were acquired for this study. They were 4 months old and weighed 2.50 to 2.90 kg. This study was approved by the Laboratory Animal Management and Ethics Committee of the Third Xiangya Hospital of Central South University (Changsha, Hunan, People's Republic of China). All procedures complied with the Laboratory Animal Administration Rules of China.
Design and Fabrication of the Porous Hollow Mold
A porous, hollow, auricle-shaped mold required the following characteristics: 1) a 3D appearance; 2) a hollow inside for packing diced cartilage; 3) a porous surface, with pores of various sizes to facilitate nutrient delivery, exchange of metabolic waste, and ingrowth of capillaries; 4) be prepared from a biocompatible material to reduce rejection and allow the diced cartilage to mold to the auricle shape gradually; 5) be cost-effective; and 6) be reproducible and utilize easily accessible material.
Skull 3D computed tomographic imaging data (Digital Communications and Communications in Medicine data) of a patient with microtia were collected, and slice images of a reference auricle were obtained and adapted to an ear-shaped mold model as Stereolithography (STL) files using Materialise Magics v20.03 (Materialise, Leuven, Belgium). Contours and key landmarks, such as the helix, antihelix, tragus, antitragus, fossa triangularis, and lobule, were accentuated to ensure that the features remained defined when filled with diced cartilage. The size of the hollow porous mold was modified to the 3/5 size of a normal auricle to accommodate the ear cartilage ( Fig. 1 ). The resulting model was printed in 3D using a selective laser sintering (SLS) printer (Huashu, Inc., Hunan, China) with polyamide (Huashu, Inc., Hunan, China).
In preliminary experiments, a different prototype was designed and printed, with pores of 0.3 to 0.5 cm in size that were randomly distributed on the surface. However, these bigger-diameter pores led to leakage of the diced cartilage pieces. We therefore designed a mold with smaller pores that would facilitate angiogenesis, nutrient, and gas exchange without the loss of cartilage pieces.
Preparation of Platelet-Rich Plasma
Platelet-rich plasma was prepared during the surgical procedure, as described previously. 20 Briefly, 10 mL of blood from each animal was mixed with 3.8% sodium citrate to prevent coagulation. This resulted in a red and opaque lower fraction consisting of red and white blood cells and platelets, called the blood cell component, and an upper yellow turbid fraction containing plasma and platelets, called the serum component. The entire serum component and upper 6 to 8 mm of the blood cell component were transferred into a sterile Vacurette (Olympus, Center Valley PA) without citrate and centrifuged at 1,228 × g for 5 minutes. The top serum component was removed, and the remaining fraction was retained as the concentrated platelets, that is, as PRP.
In Vivo Implantation and Harvesting
Each rabbit was subjected to general anesthesia by an intramuscular injection of 2% xylazine hydrochloride at 0.05 mL/kg and an intravenous injection of 3% pentobarbital sodium at 0.5 mL/kg into the ear. Local anesthesia was induced by 0.5% lidocaine. Cartilage grafts were harvested from one ear. The perichondrium was removed, and the auricle cartilage was cut into approximately 0.5-to 2.0-mm pieces and weighed. The size of cartilage fragments used in the experiment is 0.5-to 2.0-mm, and the size difference is relatively large. However, it does not influence the diced cartilages fused into a whole in our preliminary studies. 16, 17 The sedated rabbit was then shaved across the back and the operative site cleaned with depilatory paste. The skin was prepared with a povidone/iodine solution and draped in a sterile fashion with a disposable towel. A 3-to 4-cm linear skin incision was made, and a subcutaneous skin pocket was created. Diced cartilages were mixed with PRP and placed into the mold, completely filling the mold. The graft was then inserted inside the skin pocket. A 10-mL syringe was used to apply negative pressure. The skin was closed with a 4/0 polyglactin sutures (Fig. 2) . To prevent infection, a single intramuscular injection of 50 mg/kg ceftriaxone was administered.
Sample Collection
Animals were maintained for 4 months and then euthanized. No complications (e.g., hematoma, seroma, or infection) were observed at the implantation site during the postoperative period. The rabbits were anesthetized, and the implants were dissected for gross observation and biomechanical assessments. Hematoxylin and eosin (HE), safranine O, Masson's trichrome, toluidine blue, and type II collagen immunohistochemical staining were performed to comprehensively evaluate the viability of cartilage, extracellular matrix components, and the production of type II collagen.
Unconfined Compression Test
The newly formed auricles were subjected to whole-ear, helixdown, unconfined compression testing to determine whole-ear stiffness. Compression platens were used to load at a constant displacement rate of 10 mm/min. A preload of~4.5 grams was applied to define the start of the test and to maintain the specimen in the helix-down position. Stiffness was calculated by the slope of the load displacement curve in the linear region. All mechanical tests were performed using an MTS-858 mini Bionix (MTS Systems Corp., Eden Prairie, MN) testing machine with a 500 N load cell.
Statistical Analysis
Data are expressed as the mean AE standard deviation. Statistical analyses were performed using SPSS version 19.0 
RESULTS

Gross Appearance of the Porous Hollow Auricle Mold
Porous, hollow auricle polyamide molds were printed by SLS (Fig. 3) . The mold surface was smooth and contained several pores, with diameters of 0.1 to 0.3 cm. The thickness of the mold was 0.6 mm. The internal part of the mold was hollow and completely interconnected. The base of mold was open to facilitate filling with diced cartilage. The whole mold showed good flexibility and strong mechanics.
Gross Appearance of the Auricle Shaped by Diced Cartilages
In our preliminary experiments, we found that diced cartilage pieces wrapped within a PLGA membrane were fused within 3 months. 17 A greater weight of diced cartilage was required to form the auricle in the present study, measuring 5.295 AE 0.327 g before transplantation.
For this reason, we extended the time point of observation to 4 months. At 4 months, the skin above the graft was incised and separated from subcutaneous tissues. A fibrotic cyst had formed around the grafts, which increased the number of peripheral vessels. There was a small amount of clear organizational exudate after incision of the cyst. The whole graft was removed, and the mold was carefully cut away. The diced cartilage pieces within the mold had fused, and the gross appearance was similar in shape to an auricle. The postoperative weight was 5.157 AE 0.230 g (P > 0.05, compared with preoperative). Although there was evidence of incomplete fusion, most of the auricle substructures had been established, especially the outer wheel, crus of the helix, antihelix, upper and lower corner angles, and earlobe. The facies medialis of the auricle (human anatomical and physiological positions) was formed at a~25 angle from the base, which is similar to the normal cranioauricular angle (Fig. 4) . Figure 5 shows HE staining of the extracellular matrix and cytoplasm of the diced cartilage as well as the presence of numerous nuclei in the cartilage lacuna, with the exception of some bright vacuoles. Fibrous tissue had grown into the spaces between the cartilage tissue. Regenerated chondroid tissue filled the peripheral areas ( Fig. 5A1 and A2 ). In safranin O staining, numerous glycosaminoglycans (GAGs) were stained red ( Fig. 5B1 and  B2 ). In Masson's trichrome staining, cellulose fibers were red, and elastic fibers were dark blue ( Fig. 5C1 and C2) . In toluidine blue staining, a large amount of cartilaginous extracellular matrix was stained violet (Fig. 5D1 and D2) . Type II collagen is the main type of collagen secreted by chondrocytes and plays a key role in the mechanical properties of the skeleton. To further understand the secretory function of chondrocytes and the expression of type II collagen in tissue samples, type II collagen immunohistochemical staining was performed. We observed substantial positive type II collagen staining (brown) within the extracellular matrix ( Fig. 5E1 and E2 ). As noted above, it showed that the polyamide mold/wrapping had not interfered with the viability of diced cartilage.
Histological Results
Unconfined Compression Testing
In this study, the stiffness and flexibility of the newly formed auricles were evaluated by whole-ear, helix-down compression tests; the load displacement curves are presented in Figure 6 . The helix-down compression test demonstrated a mean geometric stiffness of 0.158 AE 0.187 N/mm, similar to that in humans (0.194 AE 0.202 N/mm, reported by Zopf et al. 21 ).
DISCUSSION
Total reconstruction of the ear is very challenging, as evidenced by the lack of consensus among clinicians as to which technique offers the best results. The auricle has a complex 3D shape with multiple substructures. Many studies have reported preparation of auricle 3D scaffolds, 13, 18, [22] [23] [24] such as gel scaffolds or biodegradable polymer scaffolds that contain chondrocytes and are filled with gold or silicone to mold the auricle shape. Although an auricle-shaped bracket could be formed in many of these cases, the distinct parts of the auricle structure were difficult to maintain and failed to achieve satisfactory aesthetics. The design of a tissue-engineered cartilage scaffold should conform to the macrostructure of tissues and organs (such as overall 3D shape) as well as the internal microstructure (including pore size, spatial distribution, pore shape, porosity, and interconnectedness) to achieve the necessary biological and mechanical performance. However, a 3D scaffold with such a balance between the internal requirements of porosity and pore size and biomechanical properties is difficult to create because porosity tends to be inversely proportional to mechanical performance. 25 In addition, the type of material determines the biomechanical properties of the scaffold. Nano-hydroxyapatite/polyamide 66 biomimetic composite porous scaffolds are widely used in the clinic because of their good bioactivity, mechanical properties, and bone conductivity. 26, 27 In this study, polyamide was chosen to fabricate the hollow porous mold, which satisfies the mechanical strength. The hollow nature of the mold could then be used to support the diced cartilage, which afforded the biological component and gradually united to form an appropriate auricular shape. In principle, compared with natural materials, synthetic polymer materials with low antigenicity should invoke lower immune responses, which avoids graft rejection by the body. A preliminary experiment of the cytotoxicity of the polyamide mold showed that the material had good biocompatibility and biological safety.
Many studies have reported the difficulty in maintaining the original shape and size of tissue-engineered cartilage after transplantation. The absorption of a cartilage scaffold in vivo is caused by 1) separation from the protective perichondrium, which leads to a lack of nutritional supply; 2) variations in the mechanical environment; and 3) autoimmune and inflammatory reactions. In this study, the use of a porous, hollow mold not only provided a model for the construction of the cartilaginous graft but also offered protection for the growth of the graft, alleviating host immune intervention. Additionally, appropriate negative pressure was maintained to promote cartilage growth and fusion. Previous studies have shown that the application of a "nougat" graft-diced cartilage combined with human fibrin glue-can greatly reduce the absorption of diced cartilage in the shaping of the nasal dorsum. 27, 28 In the present study, we used PRP to enhance the viability of chondrocytes and promote the production of an appropriate extracellular matrix. 17 The auricle shape remained intact, and no morphological changes were observed after the surgery.
Zopf et al. have reported that integrated, imagebased, CAD, and 3D printing can be used to generate patient-specific nasal and auricular scaffolds that support cartilage regeneration. 18 In principle, their designed auricular scaffold and other analogous tissue engineering scaffolds were conducive to the proliferation and shaping for chondrocytes. 29 However, chondrocyte activity was unavoidably influenced by some of the enzymes present in cultures in vitro. In this study, we avoided the need for cell culturing by filling our porous, hollow, auricle molds with autogenous diced cartilage.
The cartilage of the ear is elastic and comprises chondrocytes, water, GAGs, elastic fibers, and collagen fibers. In this study, the results of histological staining showed that the diced cartilages after shaping retained viable chondrocytes and a complete extracellular matrix, with positive staining for GAGs, collagen fibers, and elastic fibers, which determine the biomechanical properties of the cartilage. Many studies have reported the use of hyaline cartilage (articular, costal, and nasal septum cartilages) and fibrous cartilage (discs) in reconstructive designs; however, few have reported on the use of elastic cartilage, such as ear cartilage. 29 The reconstructed auricle must be able to withstand a certain degree of mechanical force to deal with the tension of the skin and daily life (e.g., sleep, wearing earplugs and helmets) but also have elasticity so as not to have potential complications later, such as extrusion through the skin. In most studies, researchers only assess the shape and size of the reconstructed auricle and tend to focus less on its biomechanical properties. In addition, there is little research on the mechanical properties of fused diced cartilage grafts. Zopf and Nimeskern performed mechanical tests on the normal ear and the subunits of ear cartilage. They found that human normal ear cartilage exhibits a nonlinear elastic material behavior similar to the mechanical behaviors of other soft tissues. 21, 30 In this study, the whole diced cartilage-shaped auricle was examined using an unrestricted compression test. The results of load-displacement curves showed that the stiffness of the auricle (slope of the linear phase of curve) was 0.158 AE 0.187 N/mm, which is similar to that of normal human ear. 21 In this work, the synthetic, nonbiodegradable polyamide induced a cystic-like reaction around the implant. It is unclear whether this translates in the clinical setting to the formation of a seroma or a chronic granuloma/foreign body reaction. Another limitation of this work is that we did not explore the possibility of using other biodegradable materials, such as PLGA for the hollow auricle mold.
CONCLUSION
In this study, we constructed a porous, hollow, polyamide auricular mold prepared by 3D printing technology and packed with diced cartilages and PRP. The graft showed appropriate biomechanical properties and maintained it shape, with good chondrocyte viability and the production of a cartilaginous extracellular matrix.
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